Adaptive management comes from the study of complex adaptive systems. Concepts of adaptive management have begun to be considered for disaster mitigation and emergency response. It is suggested that fire in buildings is a complex adaptive system, and therefore subject to adaptive management techniques. This paper outlines criteria that can be used to test the applicability of adaptive management concepts to various regulatory, emergency planning and mitigation issues, with an exemplar application of the criteria to challenges of fire regulation, protection and emergency response planning for buildings.
INTRODUCTION
The terrorist attacks of September 2001 and the impacts of Hurricane Katrina in September 2005 reveal that existing approaches to extreme event disaster prevention, mitigation and emergency response in the United States are lacking, and as a result, significant impacts on people, property and the economy have been realized. Although the events were much different, a number of common characteristics were evident:
• Low probability, high consequence events, for which neither appropriate mitigation nor emergency response systems were in place, Given the extreme nature of the events, it could be argued that the level of regulation, lack of mitigation planning and response preparedness, and poor response execution, resulted from a societal view that the likelihood of extreme event occurrence was sufficiently low that the risk was tolerable, and therefore the impact and response were commensurate with the level of risk perceived and the level of funding provided. As such, unless society changes its perception of the risks, there is no need to change the approach to regulation, mitigation or response. However, it can also be argued that since extreme events are unpredictable, characterized by a high degree of uncertainty and variability, and have the potential for catastrophic impacts, more robust measures should be implemented regardless of cost. This 'precautionary principle' approach might help to mitigate impacts, but would come at a high cost.
In reality, neither of the above views leads to viable solutions on their own: catastrophic losses are not tolerable, yet resources are limited. These factors and more were observed by McConnell and Drennan [1] who identified four major issues that define the difficulties associated with emergency planning: crises and disasters are low probability events, but they place large demands on resources; emergency planning requires ordering and coherence of possible threats, yet these events are difficult to package in such a predictable way; planning for crises requires integration and synergy across institutional networks, but fragmentation across public, private and voluntary sectors exists; and robust planning requires active preparation through training and exercises, but such costly activities are usually symbolic. The challenge is that any model of emergency management has 'planning' and 'preparing for a crisis' as core elements, yet emergency situations have high uncertainty in terms of 'when' and 'where.' Planning, if it is to work, must be made in such a way that it is adaptive and learns.
As a means to address these challenges and to facilitate more cost-effective and robust approaches for extreme event mitigation and emergency response planning, we suggest that application of adaptive management concepts may provide an appropriate framework for some types of events. To test which events are conducive to adaptive management concepts, a set of criteria has been postulated and applied to various events, including fire.
ADAPTIVE MANAGEMENT CONCEPTS
The basis for adaptive management comes from the study of complex adaptive systems (CAS), which Holland [2, 3] describes as systems involving self-organizing behavior, where the agents involved can adapt their actions to changes in their environment based on observation or incoming information. Similarly, Comfort [4] describes CAS as systems in which agents can search for and share information, which they can then use to adapt their behavior, and Plsek et al. [5] define them as systems of individual agents, who have the freedom to act in ways that are not always totally predictable, and whose actions are interconnected such that one agent's actions changes the context for other agents. Central to each of these definitions are the presence of agents, who can learn and adapt, and in doing so influence or change the system. As described by Dooley [6] , these agents are semi-autonomous units that seek to maximize some measure of goodness, or fitness, by evolving over time.
The concept of adaptive management builds upon the premise that agents can learn and adapt in complex environments, and suggests therefore that management policies should not be assumed to be rigid or fixed for all time, but should be designed to learn and adapt. Lee [7] has expressed the view that an adaptive management approach treats policies as experiments, recognizing that unanticipated outcomes are inevitable, and that they present opportunities for learning, which should be fed back into the policies. Bennett and Lawrence [8] have described adaptive management as a systematic process for continually improving management policies and practices by learning from the outcomes of operational programs. The need to incorporate agents who can help in the learning and adapting process from multidimensional perspectives has also been noted [9, 10] . More detailed descriptions or lists of attributes that form the basis of complex adaptive systems and adaptive management have also been developed (e.g., see [5, 11] ).
Understanding how systems adapt is also necessary. Carley [12] suggests that one type of adaptation is reactive, which involves rapid change to a rapidly changing environment (e.g., teams are often adaptive in the short term due to a re-active strategy), with another being proactive, which is designed to minimize the chance of error cascades. Comfort [13] , using different terminology, identifies four types of adaptive systems: non adaptive, emergent adaptive, operative adaptive and auto-adaptive systems.
Adaptive Management and Protection of People in Emergency Situations: Existing Work
In the context of terrorism, Comfort [4] suggests the theoretical model of CAS offers an alternative model for governmental action in coping with terrorism, instead of relying on the traditional hierarchical reporting, command and control communication relationship. The view is expanded upon in a related paper, where Comfort [13] notes that "one of the challenges in disaster planning is how to design and support governmental systems that can adapt readily to the urgent demands and complex operating conditions in extreme events. A hierarchical approach almost always fails. In extreme events, public organizations need the ability to adapt quickly and effectively to rapidly changing conditions. Such capacity relies on a continuous exchange of timely, valid information among multiple participants regarding their shared goal in dynamic operating conditions. Relations between organizations and their operating conditions are nonlinear, and actions must be based on incoming information integrated with known information to adapt effectively to the changing environment."
To improve intergovernmental performance and coordination in response to extreme events, Comfort [13] suggests that auto-adaptation is appropriate. For threats of unbounded uncertainty, such as terrorism or other extreme events, an auto-adaptive system that is able to learn from incoming information, reallocate its resources and attention, reorder its relationships with other entities, and act promptly to reduce the threat or respond to destructive acts is the most appropriate approach. Comfort describes the five phases of autoadaptation as: 1) information search or scanning, 2) information exchange, 3) sense making, or selection of a plausible strategy of action, given the situation and resources available, 4) adaptation, or action taken to implement that strategy, and 5) evaluation of actions taken and modification of succeeding actions on the basis of observed results. Focusing on a somewhat different area of emergency response, Perry and Lindell [14] suggest that emergency response managers should take into consideration basic behavioral principles. They list the following suggestions: address public fears as soon as an incident has taken place by disseminating information about the hazard and recommended protective actions, expect citizens to take action, and expect compliance from citizens, particularly when a geographically defined scene is present and disaster onset is rapid.
THE CRS CRITERIA FOR APPLICABILITY OF ADAPTIVE MANAGEMENT CONCEPTS
In considering various perspectives on CAS and adaptive management, researchers at the Center for Risk and Security (CRS) at Clark University suggest that adaptive management concepts may be well suited to some, but not all, types of disaster mitigation and emergency response planning and implementation [15] , and that the following list of key assumptions, goals and features can be useful in determining suitability for adaptive approaches:
A. Assumptions -These are characteristics that of the emergency situations and crises (seen and unforeseen) that will be underlying the development of goals and necessary features.
1. The problem has characteristics of adaptive systems, including high uncertainty and decision stakes.
2. Rational but oft ill-informed publics -The public will not typically panic in unforeseen circumstances and will tend to act rationally, but their actions will be subject to the most current and identifiable information. Thus, ill-informed people will tend to make sub-optimal decisions.
3. Emergent, self-organizing groups -In most emergency situations, groups with official authority (first responders, trained emergency personnel) will not be available during the early moments. Thus, emergent leaders and groups forming on their own without official capacity may be the first respondents in a crisis.
4. Social networks important -The use of informal networks will prove very valuable in moments of crisis. The relationships that individuals and organizations have will prove critical in managing information, material and supplies, among other resources.
5. Institutional fragmentation -It is expected that the official institutions with resources, knowledge and power, will not be easily identifiable nor accessible during moments of crisis.
B. Goals -the following will be goals of research and practice for adaptive management in regulation, mitigation, and emergency planning and response.
1. High social learning, during and between events -High social learning is a necessary goal such that knowledge is effectively administered to potentially effected populations. This learning may necessarily become instinctual such that learning cannot be forgotten. Unpredictable crises can occur at any time and in varying frequencies. Higher level learning means that the knowledge becomes ingrained in various societal actors and institutions.
2. Broad contingency planning -The breadth of contingency planning for emergency response should not only rest on the shoulders of official responders. As noted in the previous assumptions, institutional fragmentation and emergent self-organizing groups will necessarily occur. Thus, contingency planning aimed at broader groups for emergency response, through various channels should be a goal if effective response is to be considered. The adaptation of regulation and of the public will be necessary in this situation.
3. Evolutionary sequential coping -Adaptation requires building on the knowledge of previous situations and experimenting the successes and failures of various policies and practices. An adaptive system needs to evolve temporally to effectively aid in social and institutional learning at all levels.
4. High management flexibility and rapid response -Adaptation requires that management reporting systems and 'bureaucracies' are flexible enough so that lines of communication and flows of information and resources are not effected due to inflexible management and reporting systems. This management flexibility is necessary for rapid response. Taking advantage and supporting emergent leaders and self-organizing groups and allowing for their inclusion in a management structure should be part of any adaptive management model.
5.
Exploit fully existing response capabilities -This goal pertains to eliminating 'the reinvention of the wheel'. There are currently many channels for emergency planning and response management. Determining linkages and synergies between these channels and resources needs to be evaluated and completed.
6. Sustain and build anticipatory and response capabilities -The acknowledgement that although emergency events are highly uncertain events, there are response needs that can be planned for in anticipation of the events. Identifying gaps and limitations of the current capabilities, structures, and resources is an important goal. Effectively defining where resources should be allocated will be part of this process.
C. Features -represent characteristics for adaptive management systems that will further help attain the goals, essentially forming strategies for organizations to follow and researchers to investigate.
1. Real-time monitoring -Monitoring of events will be necessary for rapid feedback to various situations. Tools such as 'sensor-nets' and various emergent information and communication technology (ranging from cell phones to mobile commerce capabilities) are expected to play a large role in an adaptive management environment.
2. Contingency planning -Even though adaptive management is based on being able to react and learn from experimental events using various agents, the role of planning is still required. This planning needs to determine the most effective designs and implement and study them.
3. Dense communication and information environments -The roles of communication and information networks will be critical in not only disseminating knowledge during a crisis but also in preparation and management of that crisis after it occurs. Density of communication means taking advantage of various networks (formal and informal) and technologies. Building redundancies is necessary since in most adaptive crises situations, ill-informed publics can act rationally only if information is easily and repeatedly accessible.
4. Open management systems -these systems require easy access and quick relationships among various management structures and institutions to occur.
5. Uncertainty and error acknowledgement -Understanding various probability schemes and learning from errors is critical to managing and improving the knowledge. Understanding and acknowledging the various environmental uncertainties and risks can provide rational for various decisions. Tools and models need to explicitly integrate and acknowledge these imperfections in information and outcomes.
6. Bottom-up and top-down planning -Information flow and planning need both directions for effective adaptive management environments. Knowledge can flow in many directions. Effectively supporting this type of planning allows stakeholders at all levels to fully understand, learn and contribute to the improvement of adaptive management systems.
These are initial categories and issues facing adaptive environments. Thus, these are theoretical and conceptual issues that need validation and refinement. Additions, changes or deletions should be identified in the process as a means to advance the test for appropriateness.
Understanding the Environment: Situation, Actors, Structures, Information and Decision-Making
Before applying the CRS criteria, it is suggested that additional factors should also be considered. Specifically, one needs to understand the environment within which the management approach will be developed and implemented. This includes such factors as the situation(s) requiring action, what actors (agencies, organizations, institutions and individuals) are involved and how they operate, the interrelationships between the actors, the relationships and structures are within agencies, organizations and institutions, information availability and goodness, and decision-making processes in use or available for use. These factors are important in that they help to assess whether adaptive or non-adaptive approaches make sense or not, and what infrastructure is required to make adaptive approaches successful.
In some cases, it may be better to have a very hierarchical management structure, where each step is well defined, and modification or adaptation is not encouraged. Consider traffic lights and stop signs. These safety features were implemented to minimize accidents at intersections and to optimize traffic flow, as allowing every driver to make their own decision could result in more accidents. In this case, rigid structure is helpful for making intersections safer. It approach works not only because of traffic lights and stop signs, but because of law enforcement, insurance premiums for causing accidents, the fear of jail time, and related institutional and economic pressures and influences.
By contrast, consider pricing of merchandise in a store. If ill-informed staff members are allowed to set prices, in the absence of proper guidelines and data, it is possible that the store could be bankrupt in a very short time. However, if data are available, staff could make short-term decisions that could result in increased revenue. In this case, the key to whether or not an adaptive approach makes sense is contingent on the availability of information (on the market, the customers, the cost of doing business, required profit margins, etc.). If the necessary information cannot (or will not) be made available, implementation of an adaptive approach could be catastrophic. However, if all (or enough) of the needed information is available, an adaptive approach could result in greater sales and profits.
Another factor to consider is establishing systems and undertaking training that gets people to focus on outcomes rather than on processes. A balance needs to be struck between giving guidance and prescribing actions. One can almost be assured that the event that occurs will not mirror the event planned for. It is much more important to understand what outcomes are desired, and how to assess options to get there, rather than following a plan that, in some cases, could exacerbate the problem (e.g., if the plan is to exit a building by the stairs, and the stairway is full of smoke, it may not be appropriate to go down the stairs).
Other factors include information availability and the decision-making process. These go hand-in-hand. In a system that allows for adapting based on available information, the more credible information that is available, the more informed the decision can be. However, the goodness of the decision will also depend on who the decision-makers are, what processes they use, and what alternatives are available. Various issues need to be considered, including how much information is enough or too much (information overload), and what boundaries around the decision-making process can help in assessing the situation and taking appropriate action, without being overloaded with alternatives (analysis paralysis).
A View on Adaptive Management for Disaster Mitigation and Emergency Response
A fundamental basis for the view that adaptive management concepts can be effective for disaster mitigation and emergency response is the assertion that one cannot develop disaster mitigation and emergency response plans or policies which can a priori anticipate all possible events, and therefore, the plans and policies should be structured in such as way so as to learn from actual events as they occur, or within a reasonable time after the event, and adapt appropriately. In other words, plans and policies should not be written in the form of a linear process that must be followed in a precise order, without room for modification, but should be presented in a manner that allows feedback from actual events to influence emergency management process in the short term, and the disaster mitigation policies in the longer term. This structure does not mean that all policies and procedures need to be completely flexible, but rather, should be structured in such as way that they can be 'self-learning,' allowing for adjustments as new and pertinent information becomes available. Likewise, the institutions involved need to take an adaptive approach, or at least be open to the use of adaptive approaches. Otherwise, the policies, plans and people will likely not be adaptive, or not be allowed to adapt, as events unfold.
Adaptive approaches make sense for disaster mitigation and emergency response because the situations are complex and adaptive, changing with time, agent, and agent influences, are highly uncertain and challenging to predict (at least for some critical details), and the ultimate effectiveness is driven by actions taken by agents during events. It could be argued that one way to test for whether adaptive management concepts are be appropriate may be to apply the concepts of Funtowicz and Ravetz [16] in terms of the degree of system uncertainty and decision stakes (see Figure 1) . In brief, when both the decision stakes and the system's uncertainty are low, problem solving approaches normally associated with applied science (or in this case, hierarchical plans and policies) are appropriate. As both the decision stakes and the systems uncertainties increase, there is a transition to consultant-based problem solving, where more than a pure scientific approach (or hierarchical structures) may be necessary and appropriate. In these cases, there are typically conflicting values and a variety of technical options that must be balanced using a combination of scientific knowledge, judgment and experience. When both the decision stakes and the systems uncertainties are high, more is required to solve problems effectively than applied science or professional expertise (or following highly prescriptive, linear plans) alone. These situations are typically ones where facts are uncertain, values are in dispute, stakes are high and decisions are urgent. In these cases, input from the concerned public and other stakeholders is needed in addition to applied science and professional consultancy (for mitigation policy development), and the ability to react quickly to feedback from agents is needed for effective emergency response. A conceptual generic risk model to follow in the development of adaptive approaches to disaster mitigation policies and emergency response plans is that outlined by the National Academies in the 1996 text (see Figure 2 ), Understanding Risk: Informing Decisions in a Democratic Society [17] . Although the focus on text was on risk characterization, the foundational concept, the analytic-deliberative process, appears ideally suited as a model for adaptive management due to its multiple ingrained learning and feedback mechanisms and diagnosis of results and possible experimentations.
Fig. 2. Generic Adaptive Management Risk Characterization Analysis Model with Learning and Feedback
Good risk characterization depends on systematic analysis that is appropriate to the problem, responds to the needs of the interested and affected parties, and treats uncertainties of importance to the decision problem in a comprehensible way. Success depends on deliberations that formulate the decision problem, guide analysis to improve decision participants' understanding, seek the meaning of analytic findings and uncertainties, and improve the ability of interested and affected parties to participate effectively in the risk decision process. Key to the process is the ongoing feedback into the deliberation and decision processes. The applicability of risk characterization to building fire safety regulation has been discussed elsewhere [18, 19, 20] .
ADAPTIVE MANAGEMENT IN FIRE REGULATION AND EMERGENCY RESPONSE
As a case example, we have considered the case of planning, policy, design and response to extreme fire events in buildings by applying the CRS adaptive management criteria to the fire safety problem.
Assumptions
Fire safety regulation, design and response have high systems uncertainty and decision stakes, and the entire process can be characterized as a complex adaptive system. Fire development and spread is highly uncertain and difficult to accurately predict, primarily because people can change the severity and consequences of a fire (change contents, leave doors open allowing increased ventilation to fire or greater distribution of smoke, stay when one should leave, leave when one should stay, etc). This makes regulation, design and response difficult outside of an adaptive framework.
The understanding of fire development and the onset of untenable conditions in a small, well-defined compartment are scientifically well known. (At least relatively well-known if one knows the compartment materials, geometry, ventilation characteristics and fuel characteristics, arrangement and amount.) For the modeling of a laboratory test within the compartment with the pertinent factors being known, the systems uncertainties and decision stakes are low. This example is applied fire science. If one attempts to model a fire in a non-laboratory environment, such as for the design of fire protection systems for a single compartment in an office building (e.g., a computer room), both the system's uncertainty and the decision stakes increase, requiring expert judgment and experience to bridge gaps between scientific facts, client desires, loss potentials, and unknowns. This is a classic example of where fire protection engineering consultants are used. If one then wants to model fire initiation, development and spread throughout an entire building -with the significant uncertainty and unknowns associated with human behavior and changes to the building, and the significant life or death implications of fire safety decisions -it can be argued that the realm of post-normal science has been reached. This situation is especially true for very large buildings with large numbers of occupants, wherein a severe fire can have catastrophic consequences.
The uncertainty and decision stakes become even higher when one factors in emergency response. When emergency responders arrive on scene, they have limited information about the possible fire development and the status of building occupants, but they must make critical emergency management decisions on-site, adapting to the data which are available. In the case of the attacks on the World Trade Center, there was conflicting information given to occupants of Tower 2 regarding whether to stay in place or evacuate, resulting in a delay in occupant evacuation, and the response to fires in both towers resulted in hundreds of responders being in the buildings when they collapsed [21] . In extreme fire situations the interaction between fire impacting building occupants, occupants impacting the fire and the responders, and responders impact the occupants and building, results in a complex adaptive system.
Rational but ill-informed public.
Because the likelihood of fire is perceived to be low -in part due to the actual number of fires per year, but also to how fire is portrayed in television shows and in movies -the public is generally ill-informed as to how severe, lethal or fast-developing a fire can be (the Station nightclub went from "no fire" to "fully involved in fire" within about a minute [22] ), or how they can contribute the fire's severity, or just how much their own safety relies on their actions (the simple act of leaving a door open can make the difference in a fire that self terminates in the room of origin, and one that destroys an entire building). There is also a perception that fire risk is higher in high-rise buildings than in the home. However, high-rise office buildings have multiple fire protection measures and very few fire deaths on an annual basis, while more than 80% of fire deaths occur in residential occupancies [23] .
Emergent, self-organizing groups. The concept of emergent norm theory has been reviewed in the context of emergency evacuation and response [24, 25] . A fire can create a sense of uncertainty and urgency which forces people to act, and in the lack of clear information, instruction or leadership, participants are forced to create a new, emergent normative structure to guide their behavior, thus adapting to the situation at hand. Many aspects of emergent, self-organizing groups were observed in the 2001 attack on the World Trade Center, ranging from decisions by some to evacuate from Tower 2 even though they were advised to stay in place (someone decides to leave, and becomes a de facto leader of others), to others assisting physically disabled persons during the evacuation, even if they were not responsible or trained [26] .
Social networks important.
In a home, family members often put themselves at risk to save other family members. In office buildings, reactions range from management directing people not to evacuate, to people staying behind to assist those with disabilities (as in the World Trade Center attacks in 2001, for example) [21, 26, 27, 28] .
Institutional fragmentation. Building fire safety and emergency response is impacted by numerous institutions which can be highly fragmented and sometime incompatible. There are building codes, fire codes, installation, test and maintenance standards, insurance requirements, fire fighting procedures, and evacuation procedures, for a start. Organizations responsible for implementation of measures range from building designers, to owners and managers, tenants, the Building Department, the Fire Department, and so forth. As a result, the building fire safety system and response strategy may vary greatly from building to building, which imposes a significant challenge on emergency responders. This was observed in the response to the World Trade Center attacks, where the multiplicity of responding agencies, without a clear chain of command and cohesion, resulted in initial confusion [21] .
Goals
High level of social learning, during and between events. Building fire regulations and emergency evacuation and response systems have and will rely on a significant level of social learning during and between events. Consider evacuation from a high-rise building. For decades people have been told to avoid elevators in a fire and to use the stairs. Through social learning, the result is that people will not stand in an elevator lobby and wait for the elevator, but will evacuate using the stairs. However, as buildings get taller, there is a move to incorporate elevators into standard evacuation plans. For this integration to work, we will be asking people to change their behavior. This will require more than simply changing the regulation, it will involve training and education through drills and other mechanisms, and people will have to learn that it is ok to use elevators during a fire (in some cases). This requires an adaptive approach.
Likewise, during events occupants evacuating a building necessarily adapt to the information available, be it in terms of fire cues, communication or direction provided by managers or emergency responders, and the response of others. Since all fire events are different, occupants need to learn from the information and adjust accordingly. For example, there are fixed numbers and locations of exit stairs, but building occupants cannot know in advance where a fire will start, if a particular path of egress will be blocked, and where exactly they should go. When an alarm sounds, occupants have to take stock of the situation and adapt as needed. An evacuation plan that is too prescribed, and that does not take into account real time information, could have problems. The same is true with respect to emergency response. Because the exact nature of a fire will not be known until responders arrive on the scene, the entire emergency response process needs to be adaptive. Having a set of steps to execute upon arrival at a scene is helpful in initiating the response, but from that point forward, the actual response needs to adapt to the specifics of the event.
Between events, the fire regulation system is adaptive in the sense that code changes are made each time there is a major fire event. However, prescriptive codes provide general guidance for classes of buildings, rather than individual buildings, so the adaptive nature is somewhat limited, and more can be done with a transition to a risk-informed performance-based approach. In brief, the concept of a risk-informed performance-based approach is to establish regulations and design methods that focus more on desired outcomes, rather than on prescribed features (for more information, see, for example, [29, 30] ). The riskinformed performance-based approach is adaptive, in the sense that each building is required to be assessed for a wide range of potential fire scenarios, and fire protection systems and strategies are selected based on a combination of factors, including occupant risk factors, a wide range of possible fire scenarios, and expected emergency response. The approach should include identification and treatment of uncertainty and variability as part of the assessment and mitigation design. With the transition to risk-informed performance-based regulation and design, emergency response would need to become more adaptive and become broader in scope. For example, in a prescriptive system, the emergency responders could assume a building had certain features, as it would have been designed to the code. Under a risk-informed performance-based system, each building will likely be different, even within the same class. Because emergency response depends on features in buildings, and performance based design means not all buildings have the same features, emergency response therefore needs to be adaptive.
Broad contingency planning. As discussed above, it is not possible to precisely identify and plan for every type of fire emergency in advance, and there is some reliance on building occupants to adapt as the event develops. To help building occupants adapt quickly, however, evacuation plans which address a broad range of event types and suitable responses can be implemented. There exist standards to help with such broad contingency planning with respect to fire, such as NFPA 1600, Standard on Disaster/Emergency Management and Business Continuity Programs [31] , as well as texts on egress and evacuation planning for buildings (e.g., [26] ). These documents stress the need for emergency response planning to be broadbased, including building management, tenants and emergency responders.
Evolutionary sequential coping. Building fire safety regulation and emergency response planning has been an evolutionary process, with changes to regulation coming as a direct result of unacceptable fire impacts. Recent examples include requirements for fire sprinklers in nightclubs (following the Station nightclub fire in Rhode Island), with various requirements for exits dating to tragic fires in the first half of the 20 th century (e.g., the Cocoanut Grove nightclub fire and the Triangle Shirtwaist factory fire), and others dating to the fire of London in 1666 (fire separation between buildings) [26] . Building fire safety regulation and emergency response planning needs to continue to learn from the past to remain effective in the future.
High management flexibility and rapid response. Emergency evacuation from buildings in extreme events essentially requires emergent leaders and self-organizing groups, since it is highly likely that one or more fire protection systems and/or egress paths will be compromised, and successful evacuation will require quick decisions and group support [26] . There are examples of this from the World Trade Center [21] , and allowing for such behavior in evacuation planning for very tall buildings is worth further exploration.
Exploit fully existing response capabilities. There are many requirements for evacuation and emergency response planning for buildings [26, 32] , as well as guidance documents for building owners/managers [33] and emergency responders [34] . To be effective, the linkages and synergies between these need to be evaluated and integrated into a comprehensive approach [35] . A critical issue, which has gotten recent attention, is system interoperability; that is, having the technical capability for communication systems of different emergency responders to work as part of a single system when needed.
Sustain and build anticipatory and response capabilities. Although planning for extreme fire events can benefit from adaptive approaches, there are fundamental needs that must be addressed in the planning, such as fire fighting water, fire fighting and emergency rescue equipment, communication, manpower needs and so forth. Operating in an adaptive environment does not mean one discards the existing capabilities and replaces them, but builds upon the existing capabilities to increase response effectiveness. Looking at new building features and technologies, such as fire fighter elevators, internal wireless communications systems (repeaters), internal cameras for situational awareness, and other such measures are examples of building on existing emergency response capabilities.
Features
Real-time monitoring. Real-time monitoring of events is one area where significant advancement is possible for responding to fire events in buildings. Although there is currently a wide range of building management systems and sensors, fire detection and suppression systems and sensors, and security systems and sensors in use, the systems are often unconnected and not providing as much real-time data decisionmaking as is possible. As we move forward, technologies such as 'sensor-nets' and various emergent information and communication technology can play a large role in adaptive emergency response approaches by allowing real time data to be available to building occupants, fire wardens, and emergency responders, which can help to create more adaptable evacuation and response.
Contingency planning. As noted above, numerous standards and guidelines regarding contingency planning for fire exist, such as NFPA 1600, Standard on Disaster/Emergency Management and Business Continuity Programs [31] . The need for such planning will increase and will have to become more adaptive in the future. Multiple decision tools are needed in this environment.
Dense communication and information environments.
A fire emergency is often characterized by a large number of items happening simultaneously, and communication of information can be transmitted in various ways. In most cases the building's fire alarm system is used. Depending on the building, its function and local code requirements, the fire alarm system may involve voice communication with speakers, or horns, bells or other sounding devices for audible notification. In addition, strobe lights are often provided to assist with visual means of communication in many cases. Non-emergency public address systems can also be used as a means to manually alert occupants. These, however, are not typically designed to the same degree of reliability, nor meet spacing/audible/intelligible requirements throughout a facility as may be required for a fire alarm system. More and more, the use of pagers, email/text messaging, telephones (mobile and land-based), computers and other devices are also being used as supplemental notification means. Mass notification systems are also starting to be used for emergency notification. The aim of mass notification systems is to get important emergency messages to all people simultaneously; and may also involve combinations of the above.
From both a design and an operational perspective, the availability, accessibility, reliability, compatibility and intelligibility of communications equipment must be considered. Availability relates to a communication system, such as a public address system, being installed and operational at the time of need. Accessibility and reliability are components related to gaining access to the microphone(s) and control equipment, and the ability of the system to remain operational during an event. For example, a public address system intended for use during an emergency should be connected to the emergency power circuit or other standby power to ensure that communication with patrons is possible during a power failure.
Robustness requirements and acceptability with local authorities should also be considered if these types of systems are to be used for emergency purposes. Where two-way radios are used by staff and emergency responders, the compatibility between communications equipment should be verified, and if not compatible, should be addressed as part of a communications plan. Intelligibility relates to the ability for the voice message to be clear and understandable given the environment.
Open management systems. Building fire safety design is characterized by open codes-and standardsmaking processes, where proposed changes are made available for public comment. This allows for the learning and adaptation processes discussed above to be realized in the regulatory development process.
Uncertainty and error acknowledgement. More and more, fire protection regulations are taking on riskinformed performance-based approaches [30, 36] . Such approaches are adaptive in the sense that each building is required to be assessed for a wide range of potential fire scenarios, and fire protection systems and strategies are selected based on a combination of factors, including occupant risk factors, a wide range of possible fire scenarios, and expected emergency response. This approach requires identification and treatment of uncertainty and variability as part of process.
Bottom-up and top-down planning. Building fire safety regulation, design and emergency planning is characterized by positive information flow from many sources, including research, regulatory developers, engineers, and emergency responders. This diversity of stakeholder involvement results in effective learning and adaptation throughout the spectrum from regulatory development to emergency response.
CONCLUSIONS
Application of the CRS adaptive management criteria to challenges of fire regulation, protection and emergency response planning for buildings indicates that adaptive approaches may be helpful for identifying better regulatory approaches, mitigation design concepts, evacuation strategies and emergency response requirements. Several aspects of the fire problem, including high uncertainty about the fire event and occupant response, indicate that systems and strategies which can adapt to the specifics of a fire event may provide an increased level of safety without incurring significantly more cost. If more adaptive approaches are applied, results will include broadening stakeholder input, which will help to increase the level of education regarding fire events and the role that various agents play, as well as better informing stakeholders about performance expectations of buildings and emergency responders. In addition, application of adaptive, scenario-based analysis allows for a broader understanding of possible fire impacts, so even if the worst-case events are not protected against, critical information about the potential impacts of such events will be known and can be available for contingency and continuity planning post event.
During events, assuming that appropriate detection, reporting, communication, and information systems are implemented, the feedback available (situational awareness) can facilitate adaptation by those evacuating a building, as well as those responding to the emergency, to result in better mitigation and response, and ultimately in decreased life loss, damage and financial impact. Although undertaken at a high level, this fire study case highlights several of the challenges associated with regulatory, mitigation and emergency response planning for highly uncertain events and indicates that regulatory development, mitigation planning, and emergency response and evacuation planning can benefit from adaptive management concepts. Going forward, additional research and testing is needed to further refine the application of the CRS criteria for identifying hazard events appropriate to adaptive management approaches and for developing recommended changes to regulations, mitigation strategies and response planning. Better integration of decision tools and models, in concert with the overall decision, planning, and implementation frameworks, are areas that can enhance this planning leading to reduced risks and greater reduction in loss of life from these unforeseen events.
